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1. Explodability of progenitors

We used to say that M ~ 10-25M; stars explode as
supernovae (with leaving neutron stars), and
M >~ 25M, stars don’t (with leaving blackholes).

Recent theoretical studies have suggested that the
situation could be more complicated.



Explodability of progenitors

Multi-D simulations of CCSNe (due to neutrino driven
mechanism) have been significantly progressed, but

 Explosion energy is too small — Missing something (physics)?

 Explodable mass range is not clear:
Traditional Fe core mass is not so good to discuss explodability

. O’Connor & Ott (2011) --- new indicator ¢ (compactness parameter)
v = (M/Ms) / (R(M)/1000 km) , measured @core bounce time
(§, s > 0.45 for non-explosion)

. But this is also not so good (e.g., Ugliano+2012)
. Undetermined for 0.15<¢, < 0.35

& isalso not so useful because it is calculable only AFTER a
collapse simulation



Ugliano, Janka + (2012, ApJ) (1D study)
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Explodability of progenitors

* Explodable mass range is also observationally uncertain

* Itappears no SN llp above M ~ 18 M, (Smartt + 2009)
* Traditionally considered that M < ~25 M, become SN IIp

* This may be explained if §, . < 0.2 progenitors do not explode
(Horiuchi + 2014) --- (SN1987A, M~ 20M,, ?



Explodability of progenitors : A possible better indicator

Ertl, Janka + 2016, arXiv: 1503.07522 (Two parameter criterion)
1D model + given PNS core cooling model (for M < 1.1M,)

+ calibration to SN1987A (+progenitor dependent accretion L
621 progenitor models used
Two (Pre-collapse) parameters are important: M, and p,
M, (M) = enclosed mass inside entropy per nucleon s=4

(may be replaced by Fe core mass)

U, = (dM /M) /(dr/ 1000km) @s=4 (mass derivative)

W, correlates with mass accretion rate, and M, y, with neutrino luminosity

Y=,

x=M, 1,

01 E S Actual .
L 010F o X x & calculations
< 0.09F L W ]
I oosf X T 7 Colored:

T

> 0.07F « 055, * ;

0.06F _ S Xy OO SUCCCESS

0.05 geccl. = + ; ; + -

0.11F xx_,_ | \
g | w*" PNS model
1 000 ot W mode
I o0.08F e % ARXF name
> 0.07F e ans ﬁiﬁ ;

0.06F | & sk X 3 120.0 /

0.05 &k /‘/-' L L L L E

0.08 0.10 0.12 0.14 0.16 0.18
x = My py



Ertl + 2016 : results

* Critical line : p, =k, (M, pg)+ k,

* k,; and k, depends on PNS models (unfortunately!)

It seems two separated explosion regions (M < 22 & 25-27))

. 1200 $2014 [52007

H .

2014 [s2007

Rla

IAGK, £ At ACe

| I|Illllllllllll bl

HH

1 |Illllllllllll nm llllllllll 11 || Liaaalasaalany

wlaag

g

52014 [s200

I
Wmr

Illlllllllllllllll LI Illlllllllllllll LLLILLL Illlﬂlllllllllllll LI Illlllllllllllllll LLL ||||||||llT|'nT|T|T|11T

8 3
=

—

NN
40

15 20 25 30

2]
o
o 4]
o
o
o
N
o

ZAMS Mass [M_]



Ertl + 2016 : Is this result different from what we thought?

e Possible interpretation
— Most 10 < M/M, < 22 stars = Type Il supernova (with NSs)
— 22<M/M <25 = blackholes
— 25<M/M <27 = explosion (Faint supernova with Hydrogen)
— 27<M/M, = mostly blakhole (some of them are hypernova?)

 These may be consistent with observations (except for the
lack of massive SN llp suggested by Smartt + 2009)
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TABLE 1
CALIBRATION MODELS WITH EXPLOSION AND REMNANT PROPERTIES

Calibration b5 &115° £0° H5° fexp® Eap® M®  Eop/Me Mssy® M Mps®  Myind" Mg tvoo'  Eyi®
Model [ms] [B‘]’ [Ma]  [B/Mo]  [Ms] Ma]  [Mo]  [Mg] [Mo] [s] [100B]
s19.8 (2002) 1.03 035 022 014 750 1.30 1298 0.100 0.072 0.034 1.55 0.096 0.00298 4.27 3.68
w15.0 034 009 003 001 580 1.41 13.70 0.103 0.045 0.046 1.32 0.088 0.00018 5.18 2.81
wli8.0 076 026 0.16 010 730 1.25 1542 0.081 0.056 0.036 1.48 0.081 0.00310 4.16 3.32
w20.0 098 035 0.18 006 620 .24  17.81 0.070 0.063 0.027 1.56 0.080 0.00168 4.73 3.6
n20.0 087 036 019 012 560 1.49 1484 0.100 0.036 0.052 1.55 0.117 0.00243 3.97 3.48
BH-SN SEPARATION CURVES FOR ALL CALIBRATION MODELS
Calibration Model ~ k;? ko2 Myb 1s®  Maug®
s19.8 (2002) 0.274 0.0470 1.529 0.0662 0.101
w15.0° 0.225 0.0495 1.318 0.0176  0.023
w18.0 0.283 0.0430 1.472 0.0530 0.078
w20.0 0.284 0.0393 1.616 0.0469 0.076
n20.0 0.194 0.0580 1.679 0.0441 0.074

4 Fit parameters of separation curve (Eq. @ when x and y are measured for a

central stellar density of 5x 10'° gcm
b Measured for a central stellar density of 5x 109 gcm™.

-3

3

© My and u4 measured roughly at core bounce, because pre-collapse data are

not available.
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2. On the progenitor of GW150914
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* LIGO detected gravitational wave
* Merger of two BHs : ¥ 36M, and 29M,



What can we learn from GW observations ?

(Failed) SNe

— Neutrinos may be deteced almost simultaneously

— Explosion mechanism, EOS

— Progenitor structure, spin (rotation profile)

NS-NS (BH) merger

With optical counterpart / Short GRB ?
EQOS, NS mass, NS spin
Nucleosynthesis (r-process)

Binary evolution

BH-BH merger

Binary evolution (Common envelope

Properties of (very) massive stars :
* mass loss, initial mass function (metallicity dependence
e Spin (angular momentum transfer

Important

for massive
star evolution
but uncertain



Metal poor : 0.03Z

GW150914 : forming scenario
Belczynski +2016 : A possible one
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GW150914 : forming scenario

Belczynski +2016 : A possible one Woosley 2016, arXiv:1603.00511
TIME [Myr) Metal pOOf : 0.03Z® a[Ro) e M *
- first, he rejected a single star model

ZAMS . . .
d L LN S - negative to Fermi/GBM transient
om.  RLOF . .
N ) A binary scenario

e e \’/,'m e e em - Compared with the model left
- suggested that a larger metallicity

e | s - @ - | Z = 0.1Z; might be allowed

CHeB \\ /,'Eb

e.g., 90M + 70M pair

38354 |He star 390 M ®

1 omecron "o 90M = ~40M He star through
38354 |BH 350 M * . MS  847M, | 3700 003 RLOF + mass-loss
70M = ~30M He core + H-envelope

50445 |BH 351 M ° CHeB 822M, | 3780 003

These stars form a CE and then

Common cnvelope lose most H envelope during the CE.

50445 |BH 365 M . . He star 368 M., | 438 000
53483 |BH 6SM ° . Hestar 342 M 453 000 .

§ omecTeH After CE, the separation < (0.2 AU.
53483 |BH 345 M . BH  308m.| 478 005

', MERGER
10,294 ) 0 000




GW150914 : Spin parameter of each BH

* spin parameter
a= JM..,=cd/(GM?)

« Observation showed that
two BH are not critically
spinning

max

* They are rather slow
spinner
*a;<0.7

*If their spins are aligned,
a1<0.2, a><0.3

*S0o we are studly_lling how such
slow spinning BH can be produced
after stellar evolution

(Takahashi, Umeda, Yoshida 2016
in prepaparation)

arXiv: 1602.0384
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Rotational evolution of a Single star leaving a massive BH
Koh Takahashi, H.U., T. Yoshida (2016, in prep)

* Itisimportant to understand the property of single stars even
though GW progenitors might have evolved in binary.

* We calculate for
— Mass : 60, 90 M
— Metallicity : 0, 0.17Z;
— Rotation : 20% (typical), 50% (fast) of V.,
— with/without Spruit-Taylor (ST) dynamo (Spruit 99, 02)
 ST-dynamo : (If this really exists or not, is One of the most important
issues in massive stellar evolution theory

— provides efficient angular momentum transfer in a radiative (c.f.
convective) region

— physically not strongly supported

— But this or this kind of mechanism may be required to avoid too fast
initial rotation of Neutron Stars (Pulsars)



Takahashi et al. 2016. Resu ItS

Model Initial Final Helium CO
name mass Imass core mass core mass
(Mg) (Mg)  (Mg) (M)
m60020z0 60 51.20 37.35 32.18
m60050z0 60 42.34 32.89 27.71
m90020z0 90 77.31 62.18 55.15
m90050z0 90 61.88 46.97 40.15
m60020z0.1! 60 45.90 29.26 -
m60050z0.12 60 32.35 32.35 31.69
m90020z0.12 90 52.80 52.80 49.47
m90050z0.12 90 42.75 42.75 38.10
m60020z0 60 50.04 37.14 31.28
m60050z0 60 37.85 30.43 24.71
m90020z0 90 72.58 55.64 48.64
m90050z0 90 54.82 43.89 37.50
m60020z0.1 60 4417 39.20 33.29
m60050z0.12 60 30.50 30.50 25.95
m90020z0.1* 90 81.25 54.79 -
m90050z0.12 90 42.92 42.92 37.57

He core mass 1s about

This will be a BH mass

1f these stars will be 1n
a common envelope
with another star.



Takahashi et al. 2016; H R'd iagra m
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Stars in CHE evolve directly from main sequence to Wolf-Rayet.
/=0 models do not become CHE because angular momentum
1s ejected during pre-main sequence stages.

Fast (50%) Z=0.1 Z, models become CHE.



Takahashi et al. 2016. Specific angular momentum
60M,,, with ST-dynamo Ang. Momentum is removed with mass-loss
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Takahashi et al. 2016. Speciﬁc angular momentum

with ST-dynamo
Only the model becoming CHE can maintain fast rotation, a~1

without ST-dynamo
All models may produce GRBs i1f j ~ J,., 1s the necessary
condition for GRBs (this 1s inconsistent with observations)



Jtot [g cm2/sec]
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Takahashi et al. 2016. Total angular momentum, J
With ST—dynamo (60 9OM@) (20 50% VKep)
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Takahashi et al. 2016. Spin parameter

¥
Model lInitial Final Helium CO || Final spin  Spin para. Spin para.
name mass Imass core mass core mass parameter of the He core of the CO core
(Mg) (M) (Ms) (Ms)
m60020z0 60  51.20 37.35 32.18 1.703e-1 5.633e-2 5.525e-2
S m60050z0 60  42.34 32.89 27.71 2.046e-1 5.134e-2 5.524e-2
% m90020z0 90 77.31 62.18 55.15 4.745e-1 3.595e-2 3.376e-2
< m90050z0 90 61.88 46.97 40.15 1.507e-1 4.768e-2 4.772e-2
‘%\‘m60020z0.11 60  45.90 29.26 - 1.84e-1 4.198e-2 -
FI‘ m60050z0.12 60  32.35 32.35 31.69 6.767e-1 6.767e-1 5.908e-1
2 m90020z0.12 90  52.80 52.80 49.47 3.824e-2 3.824e-2 3.764e-2
m90050z0.12 90  42.75 42.75 38.10 3.659%e-1 3.659¢-1 2.846e-1
O m60020z0 60  50.04 37.14 31.28 8.521e-1 7.600e-1 7.593e-1
g m60050z0 60  37.85 30.43 24.71 9.680e-1 9.226e-1 8.816e-1
< m90020z0 90  72.58 55.64 48.64 7.674e-1 6.984e-1 7.355e-1
%" m90050z0 90  54.82 43.89 37.50 8.615e-1 8.37e-1 8.055e-1
1 m60020z0.1 60  44.17 39.20 33.29 2.841e-1 2.848e-1 3.030e-1
v m60050z0.12 60  30.50 30.50 25.95 1.119e0 1.119e0 9.747e-1
o m90020z0.1* 90  81.25 54.79 - 1.297e0 6.819e-1 -
7, m9005020.12 90  42.92 42.92 37.57 8.953e-1 8.953e-1 7.928e-1




Takahashi et al. 2016: Summary

We studied rotational evolution for Z=0, 0.1 Z;,, M=60, 90M;,
and V=20, 50% V

If no mechanism like ST-dynamo, massive BHs should typically
have a large spin parameter, a >~0.7, and can be tested
through GW detections.

With ST-dynamo, typical (single) BHs should be slow spinner
including Pop Il (Z=0) ones.

Kep

There is no “radiative” mass-loss for Z=0, so no angular
momentum loss associated with this.

However, surface velocity of a Z=0 star continuously exceeds
the break up velocity

= mass loss & making slow spinner



3. The progenitor of SN1987A

* Since this is a neutrino conference (@Koshiba
hall), | think, it is relevant to talk about
SN1987A.

* Purpose of this presentation is NOT to give full
explanations, but

to note that we still don’t fully understand
about SN1987A progenitor (because it is quite
complicated) even after 30 years!
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Neutrinos from SN1987A

< Kamiokande detected

< 11in 13 seconds
10 billion neutrinos per 1cm? on the earth

@ Supernova explosion theory was roughly confirmed !
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And, Koshiba-hall was built




Mysteries about SN1987A progenitor

* |t was blue before explosion !

* 3 rings (considered an evidence that the progenitor
was once red and turned into blue)

* Ejecta seems to be asymmetric
e Abundance anomary (He-rich

* These peculiarities haven’t been fully understood

5/9



SN1987A




HR-diagram: Normal stellar evolution
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SN1987A : single or binary?

* Saio+1988 result suggested that He-rich may
be realized by rotational mixing

* But no fast-rotating model has been successful

— Fast rotation = |arger core = tend to be Red
* Langer group, Woosley group — unpublished

— We have also tried many and confirmed that
single fast rotating models do not work.

* Alternative model : binary merger model
— Podsiadlowski and collaborators



A merger (spiral-in) model for formation of three rings
(Morris and Podsiadlowski 2007)

unstable mass transfer
| It stmultaneously makes

the primary turns from

Red to Blue
by giving mass, energy and
spin up of common envelope partial envelope ejection angular momentum.
a e / (Podsiadlowski 1992)
‘ X I / ’ ) . )
>\ e But his calculation didn’t
S <mass shedding include rotation.

‘|
4 ‘ red-blue transition and

/ N sweep—up of ejecta by
4 blue-supergiant wind
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Rotation effects in the merger (spiral-in) model:
Urushibata +2016 in preparation
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Cases of binary mass transfer

(g’ : Evolutions of radius in a 5 M_, star
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Urushibata +2016

For a Case A merger just adding mass of 5M makes the
progenitor from Red to Blue

During the merger, angular momentum also should be added
— Rotation in general gives negative effects to make the star blue

From the size of the Ring, Case C merger may be better for the
SN1987A model

Our results revealed that just adding mass is not enough for
Case C to make the star blue



Urushibata +2016: Case C merger + He rich envelope

(Preliminary): can be blue, but the He enhancement can’t be
realized only with rotational mixing ™ merging induced mixing?
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Summary

Topicl: explodability may be determined by two pre-collapse
parameters M, and p, (Or we need at least two)

— Though the results depend on PNS models unfortunately
— M =10~ 22 and 25~27 M., may explode by neutrino driven
mechanism
Topic2: Angular momentum transfer is very important in
discussing massive star evolution, and GRBs

— GW observations may potentially prove the rotational properties of
massive stars

Topic3: SN1987A is still mystery

— Red to Blue evolution may require merger of a M ~ 5M, star, and
matter mixing induced by the merging to make the star He-rich



